Here we report the enhancement in the temperature coefficient of resistance (TCR) of atomic layer-deposited vanadium oxide thin films through the doping of titanium oxide. The Hall effect measurement provides a potential explanation for the phenomenon. The composition and morphology of the thin films are investigated by x-ray diffraction and scanning electron microscopy techniques. The high TCR, good uniformity, and low processing temperature of the material make it a good candidate for thermistor application.
INTRODUCTION
The vanadium-oxygen (VO x ) system is very complicated. A wide range of structures can form due to the multivalency nature of vanadium, which grants the material various properties and functions. The most extensively used applications are observed in thermal sensing field, e.g. microbolometers 1,2 and microcalorimeters, 3 as the material has a high temperature coefficient of resistance (TCR), low resistivity, and low 1/f noise, which are all key features for infrared cameras and calorimeters. Moreover, the relatively low processing temperature of this material meets the requirements for integration into MEMS (microelectromechanical system) fabrication. 4 Other applications have emerged recently, including catalysts, optical switches, 5 and gas sensors. 6 Therefore, this material is gaining increasing interests among researchers.
Various thin film growth techniques including sputtering, [7] [8] [9] [10] pulsed laser deposition, 11 and ion beam enhanced deposition 12 have been used to deposit VO x thin film. Although these methods can lead to high TCR thin films, they have already been studied extensively. The annealing temperatures for these methods are often too high for application in MEMS devices. Atomic layer deposition (ALD), as a method well known for its self-limiting growth mechanism, 13 provides a large area uniformity, perfect conformity, and precise thickness control using programmed deposition, and therefore, it provides more consistency for the material's phase. VO x is especially in need of such accurately programmed deposition since any subtle change can result in composition variations.
So far, precursors such as V(NEtMe) 4 , 14 VOCl 3, 15 and vanadyl triisopropoxide (VTIP) 16, 17 have been used for deposition. Yet, investigations on the electrical properties and morphology of VO x made from VTIP are hardly available in the literature.
Previously reported studies 18 showed that incorporation of external material might cause changes in VO x . The local charge carrier traps and other features specific to vanadium might be significantly altered, which would provide key clues for the important charge transport and the related electrical characteristics. Introducing dopants such as tungsten 19 has been reported to change the semiconductor-metal transition temperature for VO 2 . In addition, previous studies of doping by co-sputtering of titanium with tungsten 11 and tantalum 20 showed an increase in TCR. These studies are mainly limited to the co-sputtering technique. ALD can also add dopants into the material by inserting one cycle of the external material in between multiple cycles of VO x to achieve doping or to form alloys. Titanium is a suitable dopant since its ionic radius is very similar to vanadium, and sputtered titanium oxide has shown high TCR for application in bolometer as well. 21, 22 However, up till now, no study on the characterization of ALD VO x -TiO y alloy has been reported.
This study focused on electrical and structural properties titanium-doped vanadium oxide thin films grown with the atomic layer deposition (ALD) technique. We found that the combination of vanadium oxide and titanium oxide is effective in increasing TCR value at a lower processing temperature. Hall effect measurement results also suggested a potential explanation for the phenomenon. We used x-ray diffraction (XRD) measurement to examine the thin film's composition under different annealing conditions. In addition, we characterized the morphology of the thin film after annealing. The VO x -TiO y thin film deposited by ALD method can be introduced to fabricate highly sensitive thermistors at low processing temperature.
EXPERIMENTAL METHODS
VO x -TiO y thin film was deposited on 1 cm 9 1 cm glass substrates for electrical characterization and morphology studies. The precursors used in our ALD tool (Cambridge Nanotech Savannah S100) were VTIP and titanium isopropoxide (TTIP), with water as the oxygen source in exposure mode. The exposure mode was used for high aspect ratio structures and to achieve better surface coverage. Pure nitrogen was used as the carrier and purging gas. The precursor was preheated to 60°C and the deposition chamber was maintained at 200°C. The system operated at 80 Pa with a gas flow rate of 100 standard cubic centimeters per minute (SCCM) during purging and the precursor flow rate is 20 SCCM. Typical precursor dose and purge times were VTIP/N 2 /H 2 O/N 2 =2/15/2/15 s, which corresponded to a single cycle for vanadium oxide. The ALD sequence for titanium oxide was titanium isopropoxide/N 2 /H 2 O/N 2 =10/20/10/20 s. During deposition, one cycle of TiO y deposition was added after 10 cycles of VO x . We typically repeated the process multiple times to form 10:1 VO x :TiO y films of desired thickness (Fig. 1) .
After deposition in ALD tool, the sample was subjected to thermal annealing in a Rapid Thermal Annealing System (Modular Process Technology RTP-600S). The oxygen flow rate was kept at 3 standard liters per minute (SLPM) during annealing. The study on the annealing temperature's effect on TCR was carried out from 330°C to 370°C with 5 min of annealing time.
The resistivity measurement was carried out using the Van der Pauw method in a Signatone Probe Station, using silver paste (Ted Pella, Inc) as the metal contact. To obtain the TCR value, the high-emperature probe station was used to measure the resistivity. At the same time, the chamber was heated from room temperature to 100°C in 30 min. The carrier concentration was measured by a Hall Effect Probe Station (Lakeshore 8400 series), using the AC mode for better accuracy. The crystalline phases of the thin films were identified by x-ray diffraction (XRD) using a Rigaku Ultima 3 x-ray diffractometer. Morphology study used a scanning electron microscope (SEM, Hitachi 4800) and the EDX (energy-dispersive x-ray spectroscopy) analysis was done by using a JEOL 7600F SEM.
RESULTS AND DISCUSSION
The thin film deposited by ALD was highly resistive prior to the thermal annealing. After annealing in oxygen, the film would change its color from black to yellow and become more conductive.
The electrical resistivity of semiconductor can be expressed as:
ð 1Þ where E c is the conduction band energy, E f the Fermi level energy, k the Boltzmann constant and qðTÞ the resistivity at temperature T. To characterize the sensitivity of a thermal sensing material, temperature coefficient of resistance, is often used to describe the relative change of resistance with the change of temperature. The slope of the log resistivity indicates the TCR value, following TCR ¼ ð1=qÞ Â dq=dT ¼ dðln qÞ=dT: ð2Þ Combining Eqs. 1 and 2, we find:
which indicates that the TCR value is proportional to the activation energy E a . One usually finds a high TCR value associated with high resistivity. It is due to the conducting principle of semiconductor: Wang, Yu, Lu, Liu, and Zuo 2154 where r is conductivity, n the carrier concentration, e the elementary charge, and l the carrier mobility. By combining Eqs. 1, 3 and 4, we have:
Therefore, high TCR materials, with a higher activation energy, often feature lower carrier concentration, which might imply a more resistive behavior. This can be problem for thermistor application, the tradeoff between low resistance and high TCR can be tricky to tackle with. By doping titanium oxide into vanadium oxide, followed by proper annealing, a relatively higher TCR value can be reached with a minor cost of elevated resistivity. The TCR measurements of VO x and VO x -TiO y alloy show that the mixture could have higher TCR and higher E a with the price of a minor increase in resistivity (Fig. 2) . The two samples are processed under the same condition during the deposition process and are both annealed at 350°C.
Recent research results identified that the temperature-dependent resistivity of VO x thin film was dominated by the mechanism of Efros-Shklovskii variable range hopping. 23 In addition, the electrical conduction mechanism of the charge carriers for the two-phase films has been proposed to be a combination of band conduction along the defective nanocrystalline VOx domains and a thermally activated hopping mechanism among defect states. 24 Therefore, we did Hall effect measurement of the material at room temperature after annealing under 350°C for 5 min (Table I ). This confirmed that the carrier concentration decreased after the doping. The enhanced TCR might thus be explained by the introduction of Ti acceptor defects that compensate for the oxygen vacancy donor defects. Such compensation further shifts the Fermi level towards the valence band edge.
We acquired the TCR performance of VO x -TiO y after annealing them at 330°C, 350°C, and 370°C by measuring the resistivity change from room temperature to 80°C. The results indicated that after annealing at a minor elevated temperature(from 330°C to 370°C), the TCR can be higher, although the resistivity is also increased (Fig. 3) .
After optimized parameter tuning (we annealed the sample at 370°C for 10 min), the highest TCR value can reach À2.51%/ o C, which indicates resistivity could increase by around six times from 30°C to 100°C. The slope of Arrhenius plot can be extracted to show the activation energy, which is 2.716 eV (Fig. 4) . The vanadium oxide thin film processed under the same conditions showed TCR value to be À1.59%/°C. Apart from these, the testing result is highly repeatable. As a result, the alloying of VO x with TiO y by ALD pointed out a way to increase the TCR value.
XRD patterns for samples under different annealing conditions are shown in Fig. 5 . The crystalline phases are identified with the reference to the powder diffraction data files (JCPDS-ICDD). The film starts to show a small peak at 32.986 o when annealed at 300°C. This means the film started to show crystalline structure of V 2 O 3 (JCPDS #34-0187). 350°C annealing in O 2 results in a higher peak at around 21.551 o , which could be ascribed to V 4 O 9 (JCPDS #23-0720). When the annealing temperature is raised to 500°C, the resulting product becomes V 2 O 5 (JCPDS #41-1426). This change in vanadium valence might help to explain the annealing temperature's effect on resistivity: higher annealing temperature could lead to higher valence (4 or 5) of VO x , which normally corresponds to higher resistivity and higher TCR.
The presence of titanium in the doped vanadium oxide thin films is confirmed by energy dispersive xray spectroscopy (EDX) (peaks at 0.453 keV, 0.511 keV, 4.952 keV, 5.427 keV identifies vanadium, and 0.401 keV, 0.452 keV, 4.511 keV, 4.931 keV identifies titanium), and the dopant concentration is found to be 8.7 at.%. We used Kline intensities for both vanadium and titanium quantifications, and the standard intensities used for calculation are obtained directly from the INCA Energy software database.
The morphology of the material has also been examined by SEM. Figure 6a shows the microstructure of the thin film after annealing at 350°C for 5 min. The grain shape resembles long rectangular bars scattered in all directions with the length of around 200 nm to 400 nm. As the annealing temperature rises higher, grain sizes continue to grow. When annealing at 370°C for 5 min, the surface become rougher, the edge of the grain is sharper, and the grain structure is more clearly visible (Fig. 6b) . In addition, we found that extending annealing time can lead to larger grain size and rougher surface.
CONCLUSION
This work presents a method to form temperature sensitive and low processing temperature VO x -TiO y thin film by atomic layer deposition (ALD) with VTIP, TTIP, and water as the precursor. The incorporation of titanium oxide has been proven effective in improving the value of temperature coefficient of resistance (TCR). Further study of Hall effect measurement suggested a potential explanation for the phenomenon. Post-annealing parameters have been explored for proper resistivity and TCR value in order to apply in temperature sensing devices. Furthermore, composition and morphology of the thin film treated under different annealing conditions by XRD and SEM are also characterized. 
